The interplay between charge, spin, and heat currents in magnetic nano systems subjected to a temperature gradient has lead to a variety of novel effects and promising applications studied in the fast-growing field of spincaloritronics. Here we explore the magnetothermoelectrical properties of an individual magnetic domain wall in a permalloy nanowire. In thermal gradients of the order of few K/µm along the long wire axis, we find a clear magneto-Seebeck signature due to the presence of a single domain wall. The observed domain wall magneto-Seebeck effect can be explained by the magnetization-dependent Seebeck coefficient of permalloy in combination with the local spin configuration of the domain wall.
Electronic transport coefficients in ferromagnetic materials are spin-dependent 1 enabling important spintronics applications 2 . This observation also holds for magnetothermoelectric (or spincaloritronic) phenomena 3-5 , driven by thermal gradients [6] [7] [8] [9] . In a thermal gradient, the temperature difference ∆T between two contacts gives rise to a thermopower V T = −S∆T with S being the material's Seebeck coefficient. Spin-dependent Seebeck coefficients have been observed in various nanomagnetic systems like thin films 10, 11 , multilayers 12 , tunnel junctions [13] [14] [15] , and nanowires 16, 17 . In the latter, magnetization reversal often occurs by the nucleation and propagation of a single magnetic domain wall (DW) enabling promising applications [18] [19] [20] . Also a DW can interact with a thermal gradient [21] [22] [23] with prospects for thermally driven DW motion [24] [25] [26] [27] or nanoscale magnetic heat engines 28 . However, the fundamental thermoelectrical properties of an individual magnetic DW have not been investigated yet.
In our experiments we use L-shaped permalloy (Py) nanowires with a notch (see Fig. 1A and supplementary material for details). The L's corner allows a controlled nucleation of a DW while the notch allows pinning a moving DW between the electrical probes. The two probes are contacting the Py wire from the top for resistance and thermopower measurements. Two additional Pt strips located at a distance of 0.5 µm and 1.5 µm from the Py nanowire serve as resistive thermometer and heater, respectively. The magnetic behavior of the system is characterized by two-wire resistance measurements as a function of magnetic field at a DC current of 600 µA. In a first step, the magnetization of the entire wire is rotated from the longitudinal ( ) to the transversal (⊥) direction by a magnetic field applied at φ = 90
• , i.e. along the y-direction (note the definition of coordinates in Fig. 1A ). As expected for a system dominated by the anisotropic magnetoresistance (AMR), the measurement shows a bell-shaped curve ( Fig. 2A ) with resistance being decreased by the field of either polarity by ∆R = R − R ⊥ . We find R = 289.8 Ω at remanence and R ⊥ = 288.5 Ω at maximum transversal field and hence a two-wire AMR ratio ∆R/R ⊥ = 0.45 %. In a second step, we study the AMR contribution of a single DW. For this purpose we apply a 120 mT field in diagonal direction (φ set = −135
• ) to create a head-to-head DW at the corner which is than moved towards the notch by a field applied at any |φ| < 80
• . As an example, Fig. 2B shows a measurement at φ = 0
• . The DW arrives at the notch at H 1 , where it remains until H 2 is reached. The presence of the DW at the notch leads to a decrease of resistance by approximately 0.17 Ω. The resistance drop is due to transversally oriented magnetization within the DW and based entirely on AMR. The critical fields H 1 and H 2 are the pinning fields of the corner and of the notch, respectively. To fully characterize the DW dynamics we repeat the measurement in the angle-range |φ| < 80
• . The results are presented in Fig. 1C , where the resistance is indicated by a color-scale. The yellow region indicates the resistance lowered due to the presence of the DW at the notch. Typically the left edge of this region is smooth whereas the right edge is rather irregular. This means that the pinning strength of the corner H 1 (φ) for various angles is well defined 29 whereas the pinning strength of the notch H 2 (φ) has a stronger stochastic component. We model the magnetization distribution during field-driven DW motion by micromagnetic simulations using a Landau-Lifshitz-Gilbert micromagnetic simulator 30 . Our numerical analysis predicts that a vortex-type of DW is nucleated at the corner as pictured in Fig. 3D , where a snapshot of the magnetization distribution at µ 0 H = 20 mT during a field sweep at φ = −30
• is shown. For increasing field strength, the vortex DW will be 'pulled' deeper into the notch, deformed and finally transformed into a transversal DW before depinning, which explains the stochastic behavior of H 2 (φ).
For thermoelectrical measurements, we generate temperature gradients by applying an AC power P at a frequency of f = 262 Hz to the heater. To characterize the temperature distribution we use calibration samples with identical heaters and thermometers placed correspondingly to the positions of the voltage probes (red lines in Fig. 1A ). For each heater power P , the thermometer resistance has a 2f AC component with amplitude δR(P ) detected by 4-wire lock-in measurements. To translate δR to the temperature increase δT we first determine the temperature coefficient α Pt in a separate setup. We find α Pt = 0.0013 K −1 which is 30 % of the bulk value in good agreement with literature 31 . Figure 1B shows the measured δT (blue bullets) as a function of the distance d from the heater for three heating powers: 17 mW, 22 mW and 27 mW. The temperature distribution is further investigated by three-dimensional finite- element modeling. The numerical results (gray lines) show a good agreement with the experimental data. Heating with 27 mW accordingly leads to an increase of the nanowire temperature of up to 10 K and a ∆T between the probes of (2.4 ± 0.5) K. In the following, the thermopower V T is measured at P = 27 mW by lock-in detection at 2f via the voltage probes. Figure 2D shows the evolution of the thermopower V T as a function of transversal field (φ = 90
• , cf. Fig. 2A ). Again, a bell-shaped curve comes into view, but with the thermopower being increased by a magnetic field of either polarity. We find a thermopower of V T = 56.08 µV at remanence and V T⊥ = 56.54 µV at maximum field with an accuracy of ±10 nV. The effective Seebeck coefficient is S = (23 ± 6) µV/K. The magnetothermopower (MTP) ratio (V T − V T⊥ )/V T⊥ yields (−0.81 ± 0.03) %. The Seebeck coefficient of the nanowire thus rises when the wire's magnetization rotates under the action of an external field. For comparison of magnetoresistance (MR) and magentoSeebeck ratio the lead contributions have to be taken into account as discussed in the supplementary material. In the following we investigate the change of thermopower induced by the presence of a single DW. As an example, Fig. 2E shows a MTP measurement at the same conditions as the MR measurement shown in Fig. 2B . As the field reaches µ 0 H = 4 mT, we observe a sudden increase of thermopower by approx. 40 nV. The thermopower remains roughly constant at this level until the field reaches 21 mT, where it drops back to the base level. Figure 2F shows the complete set of DW thermopower (DWTP) measurements for angles |φ| < 80
• . In this color plot, the yellow area indicates the increased thermopower. If we compare the pinning fields from MR and thermopower measurements (Figs. 2C and 2F), and keep the stochastic nature of H 2 in mind, we can safely consider them as identical. Evidently the origin of increased thermopower is the same as the origin of reduced resistance, namely the presence of a DW at the notch. The data thus clearly reveal the thermoelectrical signature of a single DW.
To analyze our data, we describe the thermopower of a system magnetized along the x-direction by
where the Seebeck coefficient has tensor character analogous to the resistivity tensor (see supplementary material). The diagonal elements of the tensor represent the anisotropy of the Seebeck coefficient; S is measured when the temperature gradient is parallel to the magnetization direction while S ⊥ is measured when it is transversal to the magnetization direction (cf. Fig. 2d ). We consider also the anomalous Nernst effect (ANE) by the off-diagonal elements S N = −2.6 µV/K, which will generate an additional thermopower in the case of a non-vanishing out-of-plane temperature gradient 32 . Our experimental setup is designed to detect the thermopower generated along the wire direction thus we consider only the x-component of Eq. 3. The resulting MTP can be described by three terms
where θ is the angle of the local magnetization direction with respect to the x-direction (see supplementary material). Due to the analogy with AMR, we refer to the first term as anisotropic magneto-Seebeck (AMS) effect. The second term is related to the planar Nernst effect (PNE) 10 and the third term describes the ANE contribution of an in-plane magnetized system. We use our numerical results of magnetization distribution and temperature gradients to verify this approach. The nanowire is divided in cells of 10 × 10 nm 2 . For each cell we take the local magnetization direction θ(x, y) and the temperature difference across the cell to calculate the local thermopower according to Eq. 2. To estimate the global thermopower, we calculate the mean thermopower generated in each 10-nm-slice of the wire and sum over all slices between the voltage probes. We repeat those calculations for various magnetic configurations (cf. Figure 3A shows the measured DWTP for φ = −30
• with the thermopower of the remanent state V T set to zero. The calculation considering only the AMS is shown in Fig. 3B by the blue curve. Considering the typical deviations of a micromagnetic model a very good agreement between experiment and simulation is obtained. Our analysis thus reveals that the DWTP is dominated by the AMS (first term in Eq. 2) and the remaining terms of Eq. 2 are treated as corrections. The expected PNE contribution is indicated by the green line in Fig. 3C . It shows a nearly constant value of approx. 15 nV with a DW signature of only 3 nV. Within the experimental noise level, PNE should hence have no impact on the DWTP. Figure 3C also plots the ANE contribution (brown line). At µ 0 H = 0 mT the ANE has a value of about 15 nV. During the DW pinning only a small change of the ANE signal occurs. However, at 30 mT the ANE signal shows a sudden drop and a change of sign. Here the magnetization direction at the hot side of the notch is reversed due to the depinning of the DW. In the following up-sweep to 60 mT and the back-sweep to 0 mT a linear behavior is found. ANE should thus lead to a splitting of the signal at zero field. Taking into account both, AMS and ANE, leads to the grey curve in Fig. 3B . Clearly, this splitting predicted at low fields is not observed in the experiment. From that we can conclude that the ANE is not significant in the experimental data and seems to be overestimated by the model. Note that the temperature model is based on a wire with sharp rectangular cross sections and a sharp V-shaped notch. This leads to an overestimation of the out-of-plane gradients at the notch and hence of the ANE contribution compared to the real device with rounded edges and smooth notch (cf. Fig. 1B, inset) .
Similar results have been obtained on various devices with varying geometries confirming that a slight variation of the nanowire width or the notch shape does not change the general behavior. Furthermore, no significant difference between head-to head and tail-to-tail DWs was found. Our data thus clearly reveal the thermopower contribution of an individual DW in a magnetic nanowire thereby providing the fundamental link between macroscopic thermoelectrical signature and nanomagnetic spin configuration. * Electronic address: patryk.krzysteczko@ptb. 
Supplementary material

A. Device Fabrication
In our experiments we use an L-shaped Py nanowire with a notch. The nanowire is 290 nm wide and has arms of 2 µm and 4 µm length. The longer arm has a notch, 150 nm deep and 280 nm wide, at a distance of 3 µm from the corner. The nanostructure is patterned by electron beam lithography in combination with Ar ion etching from a continuous Py film that has been sputter-deposited on a 525 µm Si substrate covered by a 50 nm SiO layer. The Py is 27 nm thick and covered with a Pt cap of 2 nm to prevent oxidation. Additionally, devices without Pt cap were fabricated to ensure that the Pt capping layer has no significant influence on the DWTP. In a second lithography step, we attach Pt wires as voltage probes. The Pt wires are 115 nm thick with a 10 nm Ta adhesion layer. The interface between Py and Ta is cleaned in-situ by low energy Ar ions prior to Ta/Pt deposition to ensure good electrical contact. Two additional Pt strips located at a distance of 0.5 µm and 1.5 µm from the Py nanowire serve as resistive thermometer and heater, respectively.
B. Temperature calibration
To detect the temperature gradient experimentally, at least two thermometers are needed, each sensitive to the temperature T d at a certain distance d from the heat source. We fabricate a set of nominally identical devices with heater-thermometer pairs separated by 1 µm, 2 µm and 4 µm. For each distance, the calibration is repeated for four different devices to increase the statistical significance. The temperature coefficient of the Pt thermometer α Pt is measured by 4-wire resistance R measurements as a function of the temperature T of a hot plate heated to up to 30 K above room temperature. We use thermal grease and an equilibration time of at least 30 min to ensure uniform temperature distribution before taking a R(T ) value. The resulting temperature coefficient 0.00125 K −1 < α Pt < 0.00135 K −1 allows for a measurement of the local temperature increase δT with an accuracy of approx. ±4 %. This results in an uncertainty of the temperature difference ∆T measured between d = 4 µm and d = 2 µm of approx. ±20 %. This uncertainty is not to be confused with poor time-stability.
C. The influence of the wiring
The 2-wire AMR ratio (R − R ⊥ )/R ⊥ is 0.45 %. This value, however, is obscured by the resistance of the wiring which is estimated on the basis of 4-wire measurements on similar devices to R wire = 195.6 Ω. This yields a 4-wire AMR ratio of 1.4 %.
Also the measured Seebeck coefficients are influenced by the electrical contacts. Considering a temperature gradient with ∆T = 2.4 K, the nominal Seebeck coefficient of the permalloy-platinum thermocouple is S = −V /∆T = −23.4 µV/K and S ⊥ = −V ⊥ /∆T = −23.6 µV/K for the longitudinal and transversal geometry, respectively. This yields a magneto-Seebeck ratio (S − S ⊥ )/S ⊥ of −0.8 %. The Pt voltage probe contributes its own thermopower of 10.8 µV due to a Seebeck coefficient of S Pt = −4.5 µV/K 33 . The resulting absolute Seebeck coefficients of permalloy are S Py = −18.9 µV/K and S Py ⊥ = −19.1 µV/K with an uncertainty of ±5 µV/K. This yields an absolute magnetoSeebeck ratio of (−1.0 ± 0.05) %.
D. Modeling
For micromagnetic simulations we use a commercial micromagnetic modeling tool (llg Micromagnetics Simulator) 30 with the following parameters: saturation magnetization µ 0 M S = 1.005 T, exchange stiffness A = 1.05 × 10 −11 J/m, and uniaxial anisotropy constant K u = 100 J/m 3 oriented along the long wire. The cells size is 10 × 10 × 25 nm 3 . The simulation temperature is zero Kelvin.
The temperature distribution is modeled by a commercial finite-element modeling tool (comsol Multiphysics). The input parameters are displayed in Tab. I. The boundary condition 'convective cooling' is activated for all surfaces in contact with air. The temperature of the air and of the bottom surface of the SiO substrate is fixed at 300 K. 
E. The Seebeck tensor
An n-type conductor placed in a temperature gradient ∇T generally accumulates negative charge at the cool side leading to an electrical field E pointing away from the heat source. The efficiency of this process is described by the Seebeck coefficient S with E = S ∇T (by this definition the Seebeck coefficient is negative for n-type conductors). It is customary to use E = −∇T T and rewrite this equation to ∇V T = −S ∇T which by integration directly leads to the measured voltage V T = −S ∆T . This voltage, which is referred to as thermopower, is generated between two points with a temperature difference of ∆T .
Our phenomenological description of the magneto-Seebeck effect is based on the according description of the magnetoresistance 38 . The Seebeck tensor for systems with the magnetization along the x-direction has the form
where S N is a measure of the anomalous Nernst effect. S and S ⊥ are the longitudinal and transversal Seebeck coefficients, respectively. For a magnetization vector pointing in an arbitrary direction in the xy-plane we need to transform the Seebeck tensor S using the rotational matrix D θ with θ the angle of the magnetization in respect to the x-axis
Using ∆S = S − S ⊥ this result can be written as 
In our devices we are sensitive to the x-component of this vector which yields V T = − S ⊥ + ∆S cos 2 (θ) ∆T x − ∆S cos(θ) sin(θ) ∆T y − S N sin(θ) ∆T z .
We use the experimental results S ⊥ = −23.6 µV/K and ∆S = 0.2 µV/K as well as S N = −2.6 µV/K taken from literature 32 .
